Waples (2015) has suggested a formula for the Wahlund effect in a case of unequal contribution of samples from genetically different populations that relates Wright's inbreeding coefficient, F IS , and normalized variance in allele frequencies between populations, F ST . I generalize this relationship to a case of multiple alleles and multiple populations not assuming Hardy-Weinberg ratios prior to mixing. This can help to evaluate the impact of a Wahlund effect on heterozygote deficiency relative to other factors such as null alleles, nonrandom mating, or selection. It is suggested that Wahlund effect cannot be an important factor of deviations from Hardy-Weinberg proportions in natural populations in the majority of instances, but it can have a substantial contribution to heterozygote deficiency in a population that has low genetic diversity compared to that among immigrants or in mixed samples that contain comparable fractions of individuals from genetically different populations.
In a recent article, Waples (2015) found a relationship between Wright's inbreeding coefficient, F IS , caused by Wahlund effect (Wahlund 1928) , that is, by mixing individuals from genetically different populations, and normalized variance in allele frequencies between populations, F ST . Specifically, if a "recipient" population has a fraction m of individuals that have arrived from a "donor" population with different allele frequencies at a biallelic autosomal locus, then F m m C F IS ST = − ( ) 4 1 ( )/ , where C is a known function of allele frequencies and migration (mixture) rate m. Here, I generalize the Waples relationship to a case of multiple alleles and multiple populations that are not necessarily at Hardy-Weinberg equilibria, and consider how strongly Wahlund effects can influence the inbreeding coefficient compared to other factors; for example, null alleles or nonrandom mating.
Results

A General Formula
Let us consider 2 infinite populations, recipient and donor, with allele frequencies p p (Nei 1977 ). Wright's F IS (Wright 1951) is the average within-population gene diversity and H T is the total gene diversity of an equal blend of the 2 populations (Nei 1977) . As shown in the appendix, the inbreeding coefficient in the recipient population, ′ F r IS , , after immigration of rate m, is as follows: 
or, using an expansion of ′ H r (the Appendix), 
where ′ H r is the gene diversity in the recipient population after immi-
is a relative difference in gene diversity between the recipient and donor populations prior to mixing; the value of Δ lies between −1 and 1. Equation (1) can be expanded to a case of multiple donor populations (see the Appendix, equations A5-A6).
A Linear Regression of F-Statistics Transforms
If the expected and observed frequencies of heterozygotes equilibrate, that is Waples (2015) found a relationship between untransformed F values that is linear with a slope of 1 only if m = 0.5 or if populations fixed for alternative alleles.
Wahlund Effect Versus Other Factors
The level of heterozygote deficiency in a recipient population after mixing depends on both a Wahlund effect itself and heterozygote deficiencies in the recipient and donor populations prior to migration. The strength of Wahlund effect is determined by both F ST and m. It follows from equation (1a) that the Wahlund effect dominates over other factors, that cause within-population positive F IS values, if 
Discussion
The Wahlund effect is frequently involved to explain heterozygote deficiencies in samples that presumably include a mixture of individuals from genetically different populations of the same or different species. In this context, ′ F r IS , is an inbreeding coefficient in a mixture with fractions 1 − m and m from populations denoted in Equations (1)- (3) with indexes r and d, respectively. Alternatively, ′ F r IS , can be interpreted as heterozygote deficiency in a recipient population due to immigration of (mixing with) individuals from a genetically different donor population. The latter context can be useful in studies on population genetics processes.
The analytical expressions obtained in the current study can be used in 2 ways.
1. Equation (2) 
Now, we should compute the value of alternative factors that presumably contribute in F IS . One of such factors is null alleles (Waples 2015) . Null alleles are not distinguishable with a given method of genotyping. For example, polymerase chain reaction amplification of a DNA locus can fail due to mutation in the flanking regions for primer hybridization (Callen et al. 1993) . Null alleles lead to the false discovery of homozygotes and cause heterozygote deficiency; null alleles can be distributed wide across populations and reach high frequencies (Zhivotovsky et al. 2015 , and references therein).
As follows from Chakraborty et al. (1992) Another case when a Wahlund effect may have a substantial impact on heterozygote deficiency is low gene diversity in a recipient population relative to that in the donor population. As an extreme, let us assume that a recipient population is monomorphic, whereas the donor population is polymorphic; that is, Δ = 1. It follows from Equation (3) that the Wahlund effect contributes significantly if 2 1 − ( )
, , the inbreeding coefficient in the donor population prior to migration. This might be used for conservation biology purposes, for example, when a population with low genetic variation is under risks of invasion from populations with higher genetic diversities.
This brief note does not concern statistical aspects such as estimation procedures for Equation (2) or tests on inequality (3), although this is an important issue for practical applications that include estimates of the sampling biases and sampling errors for basic parameters of this study, F IS and F ST , and their transforms. For example, the logarithm transforms of the inverse of F-statistics in Equation (2) seem to be greatly biased for small F values and small sample sizes. Also, testing Inequality (3) requires the knowledge of joint sampling errors of F values. Both analytical approaches and resampling procedures should be used to develop a statistical basis for estimating relationships between F-statistics.
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Appendix. A Model of the Wahlund Effect One Donor Population
Let us consider a recipient population that has received a fraction m of migrants from a genetically distinct donor population. Hereafter, the prime stands for the values of population statistics after mixing. This implies 
Multiple Donor Populations
Let us denote by k the number of donor populations; m i is a fraction of migrants in the recipient population from donor population i (i = 1,2,…, k) and m is the total fraction of migrants (m = m 1 +m 2 + …+ m k ); H T r i ( , ) is a total diversity of an equal blend of the recipient and the ith donor population and H T i j ( , ) is that for donor populations i and j; F ST r i ( , ) is an F ST value between the recipient population and the ith donor population and F ST i j ( , ) is that between donor populations i and j; ′ H r and ′ After simple algebra, the following relationship holds for
